Very short abstract I introduce a new algorithm for sub-pixel single particle tracking that employs an analytic, noniterative calculation of the best-fit radial symmetry center to determine the particle location. Over a wide range of signal-to-noise ratios, this approach yields tracking accuracies nearly identical to those of Gaussian fitting of intensity profiles with execution times over two orders of magnitude faster.
. Illustration of particle tracking based on radial symmetry (A) A simulated CCD image of a point source with shot noise, generated from the noise-free high-resolution simulated image shown in (B). The red X indicates the true center. (C) The gradient of the intensity (orange arrows) is calculated from the image in (A) at the midpoints between pixel centers (circles). The lines shown are drawn through each midpoint, parallel to the gradient. (D) The point of minimal distance to the lines in (C) (orange circle) provides an accurate, analytically calculable estimate of the particle center location.
Figure 2. The accuracy of particle localization as a function of the signalto-noise ratio of test images, calculated with the radial symmetry based method introduced here (red circles), fitting to a Gaussian intensity distribution (black squares), and simple centroid finding (blue diamonds). The total error is defined as the standard deviation of the difference between the calculated and true particle centers. Each data point
Introduction
[Insert text about the importance and applications of particle tracking.] A variety of methods have been developed for locating the center of a particle from its digitized image [REFS] , of which the most accurate is the direct fitting of a two-dimensional Gaussian function to the measured intensity profile [cite Cheezum et al. 2001] . Gaussian fitting suffers from several flaws, however. First, it is slow, requiring numerical iteration to determine approximate best-fit parameters. Fitting can be prohibitively timeconsuming for studies involving large numbers of particles and images. Second, the true particle intensity distribution is, in general, not a Gaussian, but is rather the convolution of the object shape with the pointspread-function of the imaging system. The fit being optimized, therefore, need not necessarily converge onto the true particle intensity distribution. Third, a Gaussian fit has many parameters and provides information beyond the desired location of the particle center, such as the amplitude and width of the Gaussian function, suggesting that much of its unavoidable computational cost is superfluous to the task of particle localization. These issues, especially the third one, lead one to ask whether there exists an approach to particle tracking that is as accurate as Gaussian fitting but that is fast, efficient, and that does not assume any particular functional form for the particle intensity distribution.
Neglecting asymmetric optical aberrations (which would complicate any general tracking method) the intensity of an imaged particle is radially symmetric about its center. An algorithm that determines the point of maximal radial symmetry, therefore, would provide the desired localization of the particle center. While the detection of whole pixels with symmetric surroundings has been the subject of prior study [REFS] , methods for sub-pixel localization, to the best of the author's knowledge, have not been developed.
I provide here such an algorithm that exploits radial symmetry to provide precise particle tracking. I demonstrate that it locates particle centers with sub-pixel precision very similar to that of direct Gaussian fitting and notably better than centroid-based methods over a large range of signal-to-noise ratios, and that its execution time is over 100 times faster than Gaussian fitting. The speed is a consequence of a key attribute of the method: it provides an analytic expression for the optimal particle center location, with no iterative, numerical fitting steps. In brief, this new approach makes use of the fact that for a radially symmetric intensity distribution, a line through any point drawn parallel to the gradient at that point will intersect the particle's center; the distance between the center and any such line is therefore zero. In a noisy, pixelated image, these intersections will not be exact, but we can nonetheless estimate the center as the point that minimizes the total distance between itself and all such lines. It is straightforward to write an algebraic expression that implements this minimization. Below, I describe this method further, and characterize its performance with model images (as in Cheezum et al., 2001 [REF] ), comparing to direct Gaussian fitting, centroid finding [REFS] , and weighted Gaussian fitting [REF Anthony 2009] .
